Circulating tumor cells (CTCs) have attracted pretty much attention from scientists because of their important relationship with the process of metastasis. Here, we developed a size-based microfluidic chip containing triangular pillar array and filter channel array for detecting single CTCs and CTC clusters independent of tumor-specific markers. The cell populations in chip were characterized by immune-fluorescent staining combining an epithelial marker and a mesenchymal marker. We largely decreased the whole time of detection process to nearly 1.5h with this microfluidic device. The CTCs were subsequently measured in 77 patients with lung cancer and 39 healthy persons. The microfluidic device allowed for the detection of CTCs with apparent high sensitivity and specificity (82.7% sensitivity and 100% specificity). Furthermore, the total CTC counts were found to be elevated in advanced patients with metastases when compared with those without (20.89±14.57 vs 8.428±5.858 cells/ mL blood; P<0.01). Combined epithelial marker and mesenchymal marker analysis of CTCs could provide more information about metastasis in patients than only usage of epithelial marker. In conclusion, the development of the size-based microfluidic device for efficient capture of CTCs will enable detailed characterization of their biological properties and values in cancer diagnosis.
INTRODUCTION
Lung cancer is among the most common and deadly cancers worldwide. Metastatic disease results in a large number of cancer related deaths. Most of lung cancer patients are diagnosed with advanced disease, and some with early stage disease have high recurrence rates [1] .
During the metastatic process, primary tumor cells experience a series of steps to spread the disease from its original residing site to distant organs of the human body. Initially, tumor cells disseminated from solid tumors undergo epithelial-to-mesenchymal transition (EMT) for achieving their migratory and invasive properties [2] . Circulating tumor cells(CTCs) are tumor cells turning into blood circulation system, which are critical for metastasis [3] . It reported that CTC counts have a correlation with prognosis and progress of many metastatic diseases, such as breast, colon, prostate and lung cancers [4] [5] [6] [7] . Therefore, quantification and characterization of CTCs can provide important clinical information for patients with metastatic cancer, thereby offering potential to design effective and individualized cancer therapies.
The large challenge of CTC detection is that CTCs are extremely rare in whole blood, even as low as 1 CTC per 10 7 hematologic cells [8, 9] . Development of an effective enrichment process has become critical for detecting CTCs. In recent years, many technologies www.impactjournals.com/oncotarget to effectively capture CTCs from blood have proven useful [1] . The magnetic bead labeled with antibodies against epithelial cell adhesion molecule (EpCAM) CTC detecting methods are widely used. Among them, CellSearch (Janssen Diagnostics, LLC, USA) system is the only platform approved by the US Food and Drug Administration(FDA) for clinical utility in metastatic colorectal, prostate and breast cancer [10] . In recent years, some methods based on immune-affinity or nanomaterials have been developed [11] [12] [13] . The capture efficiency of these methods heavily depends on EpCAM expression. However, the heterogeneity of EpCAM expression exists in different tumor cells, and it is even absent in some nonepithelial tumors [14] . To overcome the problem, new CTC isolation methods based on cells' physical properties (i.e. density, size, mechanical plasticity and dielectric properties) have been developed. For example, ScreenCell ® device is a size-based commercialized CTC isolation system, which is using polycarbonate filters [15] . However, the tracketched filters have the disadvantages of low porosity and random distributed pores, resulting in low efficiency and clogging. We designed a size-based filtration microfluidic chip previously [16] , with the advantages of high capture efficiency, low production cost and ease handling. This size-based filtration microfluidic method in this study was improved for good application in blood sample.
After separation and enrichment, CTCs can be characterized with the broad spectrum of methods such as immune-cytological methods, fluorescent in situ hybridization or PCR adapted to single-cell analysis [17] [18] [19] [20] . The most frequently used markers are EpCAM and different types of cytokeratins (CKs). While Fehm T et al. found that many CTCs are cytokeratin-negative [21] . The common antibodies lack the capability to detect some CTCs, which are mesenchymal in origin [22] . Therefore, simultaneous staining with epithelial marker and mesenchymal marker could provide more valuable information for CTC detection.
In this report, we presented a microfluidic chip incorporating triangular pillar array and filter channel array that can separate heterogeneous cells with marker for CTCs. Next, we analyzed a clinical test for detection of CTCs from lung cancer patients and healthy persons. We demonstrated that it can capture both CTCs with epithelial phenotype and those in the process of EMT. The data reported here hold great promise for the detection of CTCs from lung cancer patients, thus making Vimentin as a CTC marker.
RESULTS

Design and profile of the size-based microfluidic chip
A size-based microfluidic chip for CTC enrichment was designed with SolidWorks CAD design software (Waltham, MA, USA) as shown in Figure 1A . The device is composed of two filtration parts, bulk filtration area and single cell filtration area. The bulk filtration area is connected with the inlet via branch pipelines. The fundamental building block of the bulk filtration area is formed by three triangular pillars. Two triangular pillars constitute a filter funnel, where the edge of the third triangular pillar is placed to form a furcation. The first and second grade of narrowing channels' width is 50μm and 20μm, respectively ( Figure 1B. left) . As sample flows, single blood cells or single CTCs pass through one of the two narrow channels at the furcation and entry to the single cell filtration area. In contrast, cell-clusters and bulk contaminants are held by the leading edge of the triangular pillar under a dynamic force balance. The bulk filtration area specifically captures cell clusters and does not trap single cells and this specificity enables clog-free processing of blood samples.
The single cell filtration area includes 30 main channels and 31 side channels. A row of filter channels is positioned between each main channel and contiguous side channel ( Figure 1B . right). In addition, each main channel is connected to the outlet via a filter channel. The entire area is supported by rows of cylinders, which are located at filter channels. The interval distance and diameter of every cylinder in a row is 100μm and 40μm, respectively. Typical dimensions used in the device are as follows: main micro-channel, 80μm (width)×50μm (height), side microchannel, 50μm (width)×50μm (height), and filtration micro-channel, 40μm (width)×10μm(height). The isolation strategy of the microfluidic chip is depicted in Figure 1C and 1D. As sample flows into the single cell filtration area, cells entry the main channels because the leading end of the side channels are blind. Most of the hematologic cells can pass through the filter channels into the side channels and then be eliminated from the outlet. However, the large size cells like CTCs are trapped at the main channel. In this study, the entire process of CTC isolation, staining and detection was conducted in one chip. The operation procedure is summarized in Table 1 . 10min was long enough to filter 2mL blood sample. Figure 2A ). So 10μm height was applied in filter channel. To assess the performance of the device, we spiked the smallest cells (H446) into samples from healthy persons and captured them using the size-based microfluidic chip. The recovery rate maintained at above 90% for flow rates up to 15mL/h ( Figure 2B ), leading us to select 15mL/h for subsequent experiments. To evaluate the sensitivity of the device, H446 cells spiked into whole blood at different concentrations were recovered using the device. The overall recovery efficiency of the cancer cells was above 94%, which showed a potential clinical utility. (Figure 2C ).
Chip optimization and performance
The potential to harvest CK negative CTCs using the size-based microfluidic chip
To better understand the expressions of CK and Vimentin, we analyzed protein expression profiles of lung carcinoma cell lines (H446, SK-MES-1 cells and A549). The existence of EMT was tested in lung cancer cells by the three color immune-fluorescent staining (CK, CD45 and Vimentin) with the size-based microfluidic chip. Representative images are shown in Figure 3 Table 2 ). Common marker CK would lack the ability of identifying some cells expressing more mesenchymal proteins.
Comparison of data obtained from the size-based microfluidic chip and EpCAM-based method
We compared the performance of the size-based microchip against the EpCAM-based method for CTCs detection in 19 blood samples. Using the EpCAM-based method, 15 patients had detectable CTCs defined ≥1 CTC ( Figure 4A ). CTC/mL detected by the size-based microchip vs the EpCAM-based method revealed that the mean CTC/mL was 25.63 vs 9.47, the median CTC/ mL was 18 vs 6 and that the range was 4-105 vs 0-52, respectively. The results indicated that the CTC counts were significantly different between the two methods. Vimentin+/CD45-CTC counts obtained by the two approaches is shown in Figure 4B . Only in 4 patients could we nicely isolate mesenchymal CTCs using the EpCAM-based method. The majority of patients (18/19) detected by the size-based microfluidic chip had ≥1 Vimentin+CD45-cells/mL, highlighting the efficiency of CTC isolation by our device.
Application of the size-based microfluidic device in lung cancer patients
The performance of the size-based microfluidic device in detecting cancer patients' CTCs was assessed by testing the blood samples from 77 lung cancer patients and 39 healthy donors. Clinical data of the patients are shown in Table 3 . Analyses of lung cancer blood samples revealed that three cell types of CK+/Vimentin-/CD45-, CK+/Vimentin+/CD45-and CK-/Vimentin+/CD45-CTC were existed in the blood of cancer patients ( Figure 5A ). Some CD45+cell clusters and CTC clusters were also www.impactjournals.com/oncotarget These findings revealed that CTC numbers were relevant to tumor stage and disease progression. The optimum cut-off level for CTC to discriminate between healthy persons and lung cancer patients was 4.6 /mL (AUC-ROC was 0.966, 95%CI, 0.936-0.997, with a sensitivity of 82.7% and specificity of 100%, P=0.000; see Figure 6B ). The ROC curve analysis therefore demonstrated 4.6 /mL as a potential value for the diagnosis of lung cancer using this device.
CTC counts relate to metastatic status
We further analyzed 54 lung cancer patients with advanced disease to test the relation between CTC subsets and metastatic status. The pool included 9 patients with local recurrence not metastasis and 45 patients with metastatic lung cancer. When examining the total CTC count (CK+/Vimentin-/CD45-CTC plus CK+/Vimentin+/ CD45-CTC plus CK-/Vimentin+/CD45-CTC), a significant difference was found between metastatic and non-metastatic disease (20.89±14.57 vs 8.428±5.858 / mL blood; P=0.0030) ( Figure 7A ). However, the CK+CTCs (CK+/Vimentin-/CD45-CTC plus CK+/Vimentin+/CD45-CTC) subset alone cannot distinguish metastatic from nonmetastatic disease (15.24±12.72 vs 10.28±5.076cells/mL; P=0.3977) ( Figure 7B ). In contrast, Vimentin+CTC (CK+/ Vimentin+/CD45-CTC plus CK-/Vimentin+/CD45-CTC) counts remained significantly different (8.463±9.686 vs 2.467±3.204 cells/mL; P=0.0216) ( Figure 7C ). Overall, combined epithelial marker and mesenchymal marker analysis of CTCs could provide more information about metastasis in patients with lung cancer than only usage of epithelial marker. 
DISCUSSION
In recent years, CTCs have gained much attention in the field of cancer research serving as a functional biomarker and as a potential tool in the study of metastasis. Analysis of CTC is a minimally-invasive approach that can help with clinical diagnosis, guide therapeutic selection and monitor prognosis. So the most important point is establishing a reliable CTCs analyzing strategy.
Many CTC detecting methods have been developed with variable extent of success. In this study, we further optimized the size-based microfluidic chip that had previously reported by our group [16] . The principle behind this microfluidic device is that most cancer cells are larger size and less deformability than blood cells make them less likely to traverse through the channels while most blood cells pass through [23] . The size-based microfluidic device presented here thus encompasses major advances over the previous methods. While very easy to use and time-saving, our size-based microfluidic device allows CTC isolation with high sensitivity and specificity (82.7% sensitivity and 100% specificity), and has the capability of identifying tumor cells in the same device. The main channels in the previous device sometimes were clogged because of some cell bulks in blood, which decreased the throughput and speed. We designed a bulk filtration area in front of the body area to prevent the cell clusters into the single cell filtration area. The triangular pillar arrays in the bulk filtration area captured cell clusters independent of their deformability [24] . Captured clusters were trapped under a dynamic force balance and single cells passed into next area. We improved the flow rate from 0.5 mL/h to 15 mL/h and the capture efficiency still remained 94%. Only 10 min were required to process 2 mL sample, which significantly reduced the detection time compared to previously reported methods. So the total time of less than 1.5h, was quicker than CellSearch systems (4h in total for CTC isolation). Therefore, these modifications of the structure and process make the size-based microfluidic device efficient for clinical use.
CTCs identification are mainly based on biological properties, with antibodies against tumor-associated antigen (positive marker) and the common leukocytes antigen (negative marker). Although proved to be diagnostically useful, EpCAM and different types of CKs are, however, discussed to be insufficient to detect the entire population of CTCs in blood [14, 25] . The yields of CTCs identified with these sets of markers are frequently poor even in some highly aggressive types of tumors (e.g. normal like breast cancer, ovarian cancer and pancreatic adenocarcinoma). [26, 27] . Some reports found that the presence of Abbreviation: NOS (not otherwise specified) mesenchymal markers on CTCs has strongly associated with worse prognosis than those with the expression of CK alone, indicating that common identification based on epithelial marker may omit the most aggressive CTCsubset [28, 29] . Vimentin has been regarded as a novel marker, with preferentially expressed in moderately and well-differentiated lung adenocarcinomas [30] . When analyzed by immune-fluorescent staining, EMT-related markers are frequently co-expressed with different CKs [31, 32] . Therefore, in addition to CK, Vimentin was selected for identifying CTCs in this study.
Using three-color immune-fluorescent staining, we obtained high definition images of immune-stained cells in all 3 kinds of lung carcinoma cell lines(H446, SK-MES-1 cells and A549). In H446 cells, 13.12% cells were absent for CK but Vimentin-positive. In A549 and SK-MES-1 cells, we also found 10.53% and 10.06% CK-/Vimentin+/CD45-cells. These results demonstrated the common used standard to identify CTCs may result in false negative. While cell lines do not effectively reflect CTCs in a natural biological fluid, especially in terms of heterogeneity [33] . CK+/Vimentin+/CD45-and CK-/Vimentin+/CD45-cell populations were also detected in blood samples from lung cancer patients with our method in addition to CK+/Vimentin-/CD45-cells. Those cells co-expressing CK and Vimentin may be CTCs undergoing EMT. Further investigation based on clinical samples should be conducted to determine whether Vimentin+/CD45-cells is related to clinical features and outcomes.
We have compared the detection of CTCs between the size-based microfluidic chip and the EpCAM-magnetic bead based method in 19 lung cancer patients. Among 18 samples, the microfluidic chip detected more Vimentin+/ CD45-CTCs than that with the EpCAM-magnetic bead based method. These results demonstrated that a subpopulation of cells which expressed low EpCAM was missed by the anti-EpCAM antibody based method. Thus, the size-based microfluidic device displayed increased sensitivity for patients with low numbers of CTCs, which may express Vimentin
In this work, we continued our study to investigate the prognostic value of lung cancer CTCs. The results indicated that CTC counts were marked higher in lung cancer patients than in healthy persons and related to tumor stage. There were increased CTC counts in patients with metastases compared with stage I-II patients or those with local recurrence. In addition, the cut-off value of this method is higher than that obtained by commonly used methods [34, 35] . We explain that other commonly used methods based on epithelial antibodies may fail to detect CTCs undergoing EMT. In the sample from lung cancer patients, this method can capture clusters of over three tumor cells, which may provide more promising information for predicting patient prognosis. Because of the ability to detect these mesenchymal CTCs, we consider it a novel method to monitor metastatic progression that may have prognostic value. Correlation of CTCs and metastatic was further investigated. These results strongly suggested that Vimentin+CTC count in patients with metastatic lung cancer were significantly higher compared to those with no metastasis. This raises the possibility that combination of CK and Vimentin expressions may have perhaps prediction regarding progression of metastases. This initial observation also requires larger-scale trials.
In summary, we developed a novel and low cost size-based microfluidic device to enrich CTCs and combined mesenchymal maker and epithelial maker to identify subsets of CTCs. The new design of triangular pillar array and filter channel array in the chip achieved high-efficiency single cell and cell clusters enrichment. The microfluidic chip provided a high specificity and sensitivity for the qualification of CTCs while identifying protein expression phenotype. Although this method has been tested in a small clinical sample cohort, it has a great applied potential for rapid analysis of CTCs in clinical diagnosis and cancer prognosis prediction.
MATERIALS AND METHODS
Patients
The study was approved by the Affiliated Hospital of Nantong University, initiated on July, 2014. Informed and written consent was obtained from all patients and healthy donors. Clinical data were collected for age, gender and pathological diagnosis, prior treatment received and clinical outcomes. This study protocol was approved by the Ethics Review Committee of the Affiliated Hospital of Nantong University.
Blood processing
Peripheral blood samples from patients were collected in Vacutainer tubes containing the anticoagulant EDTA. All peripheral blood specimens were stored at 4°C and processed within 96h. Blood samples were centrifuged 10 min at 2500 rpm, and then the precipitates were incubated with red blood cell lysis buffer (0.139M NH 4 Cl, 0.02MTris, pH7.2) for 45 min on ice. The supernatant was removed by 10 min centrifugation at 2500 rpm, and a further repeat of the incubation and centrifugation were performed until little red blood cells left. The cell pellet was resuspended in 1% paraformaldehyde in PBS buffer and subsequently incubated at room temperature for 30min. Following centrifugation 10 min at 2500, the supernatant was removed and the cell pellet was resuspended in PBS buffer.
Size-based microfluidic chip fabrication
The device comprised of two layers: a PDMS microfluidic chip containing microchannel structures and a glass slide. A Si master with microchannel structures was fabricated using photolithography, silica wet etching and deep reactive ion etching (DRIE). Before PDMS molding, the Si master was exposed to trichloro-(1H,1H,2H,2H-perfluorooctyl) silane (Sigma-Aldrich, USA) vapor under vacuum overnight, in favor of the PDMS layer's release. Degassed PDMS (Sylgard 184, Dow Corning, Midland, Michigan, USA) at a base/curing agent ratio of 10:1(w/w) was poured over the Si mold and then cured for about 1 h at 65°C in an oven. After curing, the PDMS layer was peeled off the Si mold. At last, the PDMS layer was bonded by plasma treatment onto a clean glass slide, thereby resulting in a 2-layer microfluidic chip.
Cell culture and spiking
The A549(derived from lung adenocarcinoma), SK-MES-1(derived from lung squamous carcinoma) and H446(derived from small cell lung cancer) cell lines were obtained from cell bank of Chinese Academy of Sciences. Prior to test, cells were spiked at a known concentration in PBS or healthy donor' samples. Cells' concentration and diameters were measured by Count star automated cell counter (Inno-Alliance Biotech, USA) following the manufacturer's instructions.
Experimental setup and device operation
The strategy of enrichment of CTCs was essentially similar to one that we previously published, with some modifications [16] . Briefly, 2mL diluted samples were leaded into the chip by a syringe pump (PHD 22/2000, HAVARD apparatus, Massachusetts, USA). The syringe pump provided a constant negative pressure for the chip during operation. The blood samples were pumped from the inlet into the microfluidic chip for CTC enrichment and the small size cells such as erythrocytes and leukocytes were passed through the chip into the pump.
Identification of CTCs
After the process of the sample, tumor cells were identified based on immunofluorescence assay. The immunofluorescence reaction was done directly in the chip. Firstly, the chip was rinsed with washing buffer (PBS containing 0.05%Tween). Subsequently, a solution of 0.2% Triton X-100 (PBS containing 0.2% Triton X-100) was loaded onto the device and incubated for 10 min to permeabilize the cell membranes. After that, the chip was cleaned with washing buffer and then treated with PBS containing 1% BSA for 5min. Then the captured cells were immuno-stained with anti-CD45 antibody conjugated to phycoerythrin (MEM-28, Abcam, UK), anti-CK antibody conjugated to isothiocyanate (C-11, Abcam, UK), anti-Vimentin antibody conjugated to Alexa Fluor ® 594 (EPR3776, Abcam, UK) and 4`-6-diamidino-2-phenylindole (DAPI; Beyotime Institute of Biotechnology, USA) for 40min at 37°C. Finally, the chip was rinsed with the washing buffer to remove the unbound antibody. The microchip was scanned with an inverted microscope (Model IX51; Olympus) linked with image analysis software (DP Controller; Olympus). The cells that stained CK+/ Vimentin+/CD45-/DAPI+, CK+/Vimentin-/CD45-/DAPI+ and CK-/Vimentin+/CD45-/DAPI+ were scored as CTCs.
CTCs detection by anti-EpCAM magnetic beads method
CTCs enrichment using the CELLection TM Epithelial Enrich kit (Invitrogen, USA) was carried out according to the manufacturer's protocol. After enrichment, the bead-bound cells were permeabilized with a solution of 0.2%Triton X-100 for 10 min and fluorescently labelled with anti-CD45 antibody conjugated to phycoerythrin, anti-CK conjugated to isothiocyanate, anti-Vimentin conjugated to Alexa Fluor® 594 and DAPI for 40min at 37°C. After each processing step, captured cells were washed by wash buffer to remove excess reagents in a magnetic. Finally, the bead-bound cells were transferred directly onto a slide and identified in the method as above described.
Statistical analysis
Statistical analyses were performed using SPSS software (version 16.0, SPSS Inc., Chicago, IL). Regression analysis was performed to assess the accuracy of tumor cells detection. A Mann-Whitney test were used in cases of two independent samples. All tests were two-sided and were performed at a 5% level of significance.
